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1 Abstract

The control of plant specialised metabolism is exerted by transcription factors and co-regulators
acting on cis-regulatory DNA sequences of pathway-structural genes, determining when, where, and
how metabolites are accumulated. A particularly interesting case for studying the transcriptional
control of metabolism is represented by stilbenoids, produced within the phenylpropanoid pathway,
as their ability to inhibit infection by coronaviruses MERS-CoV and SARS-CoV has been recently
demonstrated in vitro. Integrative omic studies in grapevine (Vitis vinifera L.), including gene co-
expression networks, have previously highlighted several transcription factors (TFs) from different
gene families as potential modulators of stilbenoid accumulation, offering an ideal framework for
gene function characterisation using genome-wide approaches. In the context of non-model plant
species, DNA affinity purification sequencing (DAP-Seq) results a novel and potentially powerful
tool for the analysis of novel uncharacterised regulators, however, it has not yet been applied in
fruit crops. Accordingly, we tested as a proof-of-concept the binding of two previously characterised
R2R3-MYB TFs to their known targets of the stilbene pathway, MYB14 and MYB15, obtaining
5,222 and 4,502 binding events assigned to 4,038 and 3,645 genes for each TF, respectively. Bound
genes (putative targets) were overlapped with aggregated gene centred co-expression networks re-
sulting in shared and exclusive High Confidence Targets (HCTs) suggesting a high, but not complete,
redundancy. Our results show that in addition to the previously known but few STS targets, these
regulators bind to almost half of the complete STS family in addition to other phenylpropanoid-
and stilbenoid-related genes. We also suggest they are potentially involved in other processes such
as the circadian rhythm or the synthesis of biotin. We searched the activated transcriptomes of
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transiently MYB15 -overexpressing grapevine plants and observed a large activation of its high con-
fidence targets, validating our methodological approach. Our results also show that MYB15 seems
to play a role in regulating other stilbenoid-related TFs such as WRKY03.

2 Introduction

The evolved complexity of plant specialised metabolism can be traced back to the colonisation of
dry land by green algal ancestors (Waters, 2003). Since their origin, land plants have been accompa-
nied by the continuous presence of a wide range of abiotic and biotic stresses such as UV radiation,
desiccation, or unfavourable microbial communities that have led to the selective emergence of novel
protective metabolites derived from primary metabolism (Kenrick and Crane, 1997). A clear exam-
ple of this consequence is represented in the phenylpropanoid pathway responsible for synthesising
a plethora of vital compounds such as lignans, flavonoids and stilbenes, all of which start their
biosynthesis from the catabolism of the amino acids phenylalanine and tyrosine. This pathway is a
major source of aromatic secondary metabolites in plants, with many of their roles concerning tol-
erance and adaptation to the above-mentioned stresses (e.g. anthocyanins protecting from excessive
radiation). Whilst some branches of the pathway are ubiquitous in the plant kingdom (such as those
producing the lignin polymer or flavonoids), others such as the stilbene pathway are restricted to a
number of species across at least 50 unrelated families such as Vitaceae (e.g. Vitis vinifera L.) and
Moraceae (e.g. Morus alba) (Dubrovina and Kiselev, 2017). Grapevine is not only an important
crop species but an interesting model for studying the complexity of the stilbene pathway given the
remarkable expansion of the stilbene synthase (STS ) family in its genome, attributable to tandem
gene and chromosome segmental duplications, reaching up to a total of 47 genes (Parage et al., 2012;
Vannozzi et al., 2012).

Stilbenes are phytoalexins; small, lipophilic compounds with key roles in plant defence, which ac-
cumulate in response to a range of abiotic and biotic stresses. In recent years, the grapevine STS
gene family has been studied to reveal a high degree of specificity when dealing with different biotic
stresses. For instance, ectopic expression of VqSTS36 from the Chinese wild species Vitis quinquan-
gularis, in both Arabidopsis and tomato, enhanced resistance to powdery mildew and osmotic stress
but increased susceptibility to Botrytis cinerea (Huang et al., 2018).

STS enzymes are direct competitors of chalcone synthases (CHS) for pathway precursors. Both
STS and CHS are very closely related type-III polyketide synthases, generating a tetraketide inter-
mediate from the condensation of p-coumaroyl-CoA with 3 molecules of malonyl-CoA that depending
on the STS/CHS activity will generate resveratrol or naringenin chalcone, respectively, thus defining
the entry point of the stilbene and flavonoid branches. Different stimuli have been shown to favour
one branch over the other, e.g. UV-C irradiation and downy mildew infection promote STS gene
expression whilst downregulating CHS expression (Vannozzi et al., 2012). Other enzymes from the
stilbene pathway in grapevine result in a broad range of stilbenes such as pterostilbene, viniferins,
piceid, and piceatannol which involve methoxylation, oligomerisation, glycosylation and hydroxyla-
tion, respectively. The enzymes catalysing these reactions are mostly uncharacterised in grapevine
except for a resveratrol O-methyltransferase (ROMT) responsible for the production of pterostilbene
(Schmidlin et al., 2008) and a resveratrol glycosyl transferase (Rs-GT), in Vitis labrusca, for the pro-
duction of piceid (Hall and De Luca, 2007). Hydroxylation of resveratrol into piceatannol could be
carried out by cytochrome P450 oxidoreductases but no candidates have yet been identified in grape.

The stilbene pathway in grapevine is thought to be mainly regulated at the transcriptional level
through R2R3-MYB-type transcription factors (TFs). In particular, the R2R3-type MYB14 and
MYB15 (subgroup 2 members) have been shown to specifically activate a few STS promoters (STS29
and STS41 ) in transient reporter assays (Höll et al., 2013) but modulation of other stilbenoid branch
enzymes remains unexplored. Furthermore, gene co-expression networks (GCNs) and further corre-
lation with stilbene accumulation have pointed out MYB13 as an additional putative regulator of
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stilbene accumulation (Wong et al., 2016) although it has not been yet validated in planta. Gene
regulatory networks of TFs can be initially explored and interrogated by the use of GCNs. For
instance, members of the AP2/ERF, bZIP and WRKY gene families have been suggested as regula-
tors of STS expression through these approaches (Wong and Matus, 2017), however, experimental
evidence of binding is necessary to prove regulatory causality. Nevertheless, the systems biology
approaches initially conducted in (Wong et al., 2016), applied to the regulation of transcription in
grapevine, have paved the way for the functional characterisation of additional stilbene pathway
regulators such as bZIP1, ERF114, MYB35A and WRKY53 in recent years (Wang et al., 2019;
Wang and Wang, 2019; Vannozzi et al., 2018), proving their efficacy in hypothesis driven research
for TF discovery. Very interestingly, one of the newly identified stilbene regulators, WRKY53, binds
to a subset of STS genes (STS32 and STS41 ) and it is thought to form a regulatory complex with
MYB14 and MYB15 probably increasing its activity (Wang et al., 2020). Moreover, WRKY03 has
also been shown to work in synergy with MYB14 in the upregulation of STS29 expression (Vannozzi
et al., 2018).

Amongst the identified STS ) regulators, MYB14 and MYB15 have been considered to be upstream
TFs (i.e. major modulators) in the regulatory cascade governing stilbenoid accumulation. The
detailed characterisation of these two potential orchestrators is hence of great importance. In addi-
tion, no other processes controlled by these TFs have been identified. The following study combines
genome-wide TF binding-site interrogation using DNA Affinity Purification (DAP)-seq, and aggre-
gated weighted gene co-expression networks (aggWGCN) to lay out MYB14 and MYB15 cistrome
landscapes and identify their complete repertoire of target genes. Our results suggest that both
MYB14 and MYB15 simultaneously bind to regulatory elements in most members of the STS ) gene
family, other stilbenoid genes and WRKY regulators of stilbene synthesis.

3 Methods

3.1 DNA Affinity Purification followed by sequencing (DAP-Seq) exper-
iments

3.1.1 Experimental setup

Genomic DNA (gDNA) was purified from young grapevine leaves of cv. ‘Pinot Noir’ (clone PN-94)
according to (Chin et al., 2016). Genomic DNA library and DAP-Seq were performed following the
protocol described in (Bartlett et al., 2017), with slight modifications. Briefly, the gDNA sample
(800ng/library) was sonicated into 200 bp fragments on a Covaris Focus-ultrasonicator instrument,
which underwent end-repair, A-tailing and adapter ligation to attach Illumina-compatible sequencing
adapters to the DAP-Seq library. We verified successful adapter ligation by qPCR of the DAP-
Seq library with primer sequences that anneal to the adapter, as well as gel electrophoresis of
the sonicated genomic DNA and the DAP-Seq library. MYB14 and MYB15 were amplified from
cv. ‘Pinot Noir’ and cloned into the pIX-HALO expression plasmid (TAIR Vector:6530264275) to
create an expression vector that contained a HALO-tag at the N-terminal. Clones were verified by
digestion with restriction enzyme Xho. The MYB14/15 -expression vectors were used in a coupled
transcription/translation system (Promega) to produce MYB14/15 protein with the HaloTag-fusion.
Production of MYB14/15 proteins was confirmed by western blot using an anti-HaloTag antibody
(Promega). The protein expression reactions were mixed with HaloTag-ligand conjugated magnetic
beads (Promega) to pull down the HaloTag-fused TF. The pulled down TFs were then exposed to
the DAP-Seq library for MYB-DNA binding. 400 ng library was used in each DAP-Seq reaction.
The bound DNA was then eluted and PCR amplified to generate sequencing libraries that were
sequenced on an Illumina NextSeq 500 (sequencing of libraries was set at 30 million and 1x75bp
single-end reads). As a negative control, we performed DAP-Seq with the pIX-HALO expression
vector without any ORF inserted, accounting for possible non-specific DNA binding, as well as copy
number variations at specific genomic loci. All experiments included two biological replicates.
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3.1.2 Setup of assembly and annotation files and bioinformatic pipeline for identifying
TF-bound genes

The most updated genome assembly available to date in Vitis vinifera is the 12X.2, associated to the
V1 and V.Cost annotation versions, containing 29,971 and 42,414 gene models, respectively [(Jaillon
et al., 2007), (Canaguier et al., 2017)]. Although the V.Cost annotation has been manually curated
for the STS family, it also contains non-protein coding genes (such as lncRNAs and miRNAs) most
of which have only been automatically annotated. As the main focus of this work was to study the
regulation of the structural genes coding for enzymes of any secondary metabolic pathway (including
the stilbenoid branch) by the MYB14 and MYB15 TFs, we merged the V1 and V.COST annota-
tion versions to conduct the DAP-Seq bioinformatic pipeline. A new annotation file was created,
containing all the V1 gene models allocated in the 12X.2 assembly except for the STS gene models,
belonging to the V.Cost annotation version (designated as V1 COST STS annotation, and available
at http://tomsbiolab.com/scriptsandfiles).

DAP-Seq reads were mapped to the 12X.2 reference genome sequence (Canaguier et al., 2017)
using bowtie2 (Langmead and Salzberg, 2012) version 2.0-beta7 with default parameters and post-
processing of reads with multiple alignments, conducted with a home-made Python script. Peak
detection was performed using GEM peak caller (Guo et al., 2012) version 3.4 with the 12X.2
genome assembly using the following parameters: ”–relax –f SAM –k min 6 –kmax 20 –k seqs 600
–k neg dinu shuffle” limited to nuclear chromosomes only. The biological replicates were analysed
as multi-replicates with the GEM replicate mode. Peak summits called by GEM were associated
with the closest gene model using the BioConductor package ChIPpeakAnno (Zhu et al., 2010) with
default parameters (e.g. NearestLocation). For this association, the V1 COST STS annotation ver-
sion was given to ChIPpeakAnno. De novo motif discovery was performed using 200 bp sequences
centred at GEM-identified binding events for the 600 most enriched peaks, as in (Bailey et al., 2009).

3.2 Aggregated Whole Genome Co-expression Network (aggWGCN) and
generation of individual Gene-Centred Networks (aggGCCN)

52 different RNA-Seq experiments from fruit or flower transcriptome samples (sequenced with Illu-
mina technology) were downloaded from the Sequence Read Archive (SRA) database. Experiments
were manually inspected and filtered to keep those with more than 6 data sets (i.e.runs), also ex-
cluding those that were wrongly annotated or those that only included microRNAs, sRNAs and
non-coding RNA sequencing data, keeping a total of 40 experiments, encompassing 868 runs (655
single-end and 213 paired-end runs, Supplementary Table 1).

Single and paired-end runs were trimmed separately using fastp (Chen et al., 2018) version 0.20.0,
aligned with STAR (Dobin et al., 2012) version 2.7.3a. Raw counts were computed using Feature-
Counts (Liao et al., 2013) version 2.0.0 and the 12X.2 V.Cost gene models. Each experiment was
analysed individually in order to build a Highest Reciprocal Rank (HRR) matrix. Briefly, all the raw
counts for each run of the experiment were summarised in a unique raw counts matrix, obtaining 40
raw count matrices. Raw counts were normalised to FPKMs, and genes that had less than 0.5 FP-
KMs in all runs of the experiment were removed. The Pearson’s correlation coefficient (PCC) of each
gene against the remaining 42,413 genes was then calculated and ranked according to descending
PCC values. The ranked PCC values were used to compute HRRs between the TOP 1% remaining
genes, using the following formula: HRR(A, B) = max(rank(A,B), rank(B,A)). To construct the
aggWGCN, the frequency of co-expression interaction(s) present across individual HRR matrices
was used as edge weights, and ranked in descending order, taking the TOP 1% frequency values for
each gene in order to build the final matrix (network) with 32,857 genes.

Network functional connectivity (performance) across all given annotations and genes was assessed
as in (Wong, 2020) by guilty by association (GBA) neighbour voting, a machine learning algorithm
based on the GBA principle, which states that genes sharing common functions are often coordi-
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nately regulated across multiple experiments (Verleyen et al., 2014). The test was performed using
EGAD R package (Ballouz et al., 2016) with default settings. The network was scored by the area
under the receiver operator characteristic curve (AUROC) across MapMan BIN functional categories
using threefold cross-validation. MapMan BIN ontology annotations were limited to groups contain-
ing 20–1000 genes to ensure robustness and stable performance when using the neighbour-voting
algorithm. The output from a homemade Python script, which selected the TOP 1% most highly
co-expressed genes (the TOP 1% equals 328 genes) for any gene of interest, was used to generate
the aggGCCNs.

3.3 Identification of High Confidence Targets (HCTs)

In order to identify potential targets of MYB14 and MYB15, the lists of TF-bound genes obtained
by DAP-Seq were overlapped with data extracted from the aggWGCN. Briefly, we first extracted all
TF-bound genes for each MYB and checked if they had a positive relationship in the aggGCCNs.
This network relationship was considered positive if either the DAP-Seq bound candidate gene
was present in the MYB aggGCCN or the respective MYB gene was present in the aggGCCN of
the candidate gene. Bound DAP-Seq genes for each MYB TF with a positive relationship in the
bidirectional aggGCCNs were thus considered HCTs for that particular MYB TF. HCTs of both
MYB14 and MYB15 were overlapped to obtain common HCTs. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses for individual and common HCTs
were performed using the gprofiler2 package (Kolberg et al., 2020) to produce Manhattan plots for
the enriched terms. P-values for each term were adjusted using the false discovery rate parameter
and terms with adjusted p-values below a 0.05 threshold were considered significant.

3.4 Transcriptome analysis of MYB15 transient overexpression in grapevine
plantlets

Vitis vinifera L. plantlets were transfected with 35S::MYB15 constructs according to (Foria et al.,
2020). 35S::GPF plants were used as negative control. RNA was extracted from two biological
replicates and three times points after agroinfiltration: 24, 48 and 96 hours. RNA was used for
microarray analysis using the Affymetrix Vitis vinifera Grape Array.

Affymetrix probe sequences were re-aligned using bowtie against the transcriptome of Vitis vinifera
L. cv. Pinot Noir derived from the V3 annotation on the 12X.V2 genome assembly in order to
improve original V1 probe-to-gene assignments. Since each Affymetrix probe has a different num-
ber of sequences associated to it (ranging from 8 to 20), a probe-to-gene association was accepted
when more than 40% of the probe’s sequences matched the same gene with no mismatches. The
percentage was increased to 60% for hits with 1 mismatch, 70% with 2 mismatches and 80% with 3
mismatches. From a total of 16602 probes, 59.8% were positively assigned to a V3 gene model.

The fluorescence values were normalised by the RMA method using LIMMA (Ritchie et al., 2015) R
package and transformed to log scale. Normalised values were then clustered applying the Weighted
Gene Co-Expression Network Analysis (WGCNA) (Langfelder and Horvath, 2008) R package using
the blockwiseModules with a soft-threshold power value of 6 (chosen from the scale independence
graph shown in Supplementary Figure 1A), a deepSplit of 1 and a mergeCutHeight of 0.2,
obtaining a total of 35 modules (Supplementary Figure 1B). To analyse the behaviour of the
modules and compare it between them, they were visualised as a heatmap using the z-scores calcu-
lated individually for each biological replicate (n=2) and time point. The heatmap was constructed
using kmeans clustering with the pheatmap (https://CRAN.R-project.org/package=pheatmap) R
package. GO and KEGG enrichment analyses were carried out, as previously described for HCTs
(Section 3.3), for the probe-assigned genes in the different modules.
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4 Results

4.1 MYB14 and MYB15 bind upstream of STS gene transcription start
sites

Our DAP-Seq analysis reported 5,222 and 4,502 TF binding events (i.e. peaks), that were assigned
to 4,038 and 3,645 different genes for MYB14 and MYB15, respectively (Supplementary Table
2). An initial inspection of all binding events showed that 30.93% and 32.07% of the peaks are
present between -3 kb upstream and 1 kb downstream from the Transcription Start Sites (TSSs)
of annotated genes for MYB14 and MYB15, respectively, as shown in Figure 1A. MYB14 and
MYB15 shared a total of 2,717 genes. In addition, the de novo motif discovery reported almost
identical motifs for MYB14 and MYB15, as shown in Figure 1B. This DNA binding motif is very
similar to the AC-element motif (CACC[T/A]ACC) for AtMYB15 described in Arabidopsis thaliana
(Romero et al., 1998). The similar number of total peaks, a high proportion of shared genes, and
a close to identical DNA binding motif suggests that both transcription factors bind similar DNA
sequences and therefore could share many of their roles in the control of gene expression.

A closer look at the STS gene family revealed that both MYB14 and MYB15 TFs produced a
clear DNA binding signal, predominantly located in the TSS proximal region, and not observed in
the pHALO non-specific DNA binding control (Figure 2). The inclusion of housekeeping genes
(Supplementary Table 2) showed no specific DNA binding of MYB14 or MYB15 TFs. Fur-
thermore, the binding patterns across individual STS genes are remarkably similar for both TFs
providing strong evidence that both do not only bind the promoters of STS genes but they do so
in a similar manner. Both TFs show two distinct DNA binding enriched regions upstream of STS
genes, a first region located at 400 bp upstream, present in most STSs and a second close to 2000
bp upstream that is exhibited only by a subgroup of STSs, suggesting gene-specific differences in
their regulation.

4.2 Aggregated gene-centred co-expression networks (aggGCCNs) evi-
dence shared connections of MYB14 and MYB15 with several stil-
bene pathway genes

Gene co-expression networks are based on the ’guilt-by-association’ principle whereby correlation in
expression implies biological association (Wolfe et al., 2005). These networks can be constructed by
taking all the available public expression data and computing them as a single data set. However,
it has been previously shown that these networks can improve their biological predictability if the
persistence of a gene-to-gene expression correlation across independent transcriptomic experiments
is taken into account rather than the correlation strength in the computed single data set. Deriving
a network from different experimental data sets in this manner is known as the aggregation of whole
genome co-expression networks (aggWGCNs). As described in (Wong, 2020), the aggregation of
individual WGCNs across multiple experiments improves network performance in grapevine studies.
We generated a condition-dependent (i.e. flower- and fruit-derived) aggWGCN and evaluated the
effect of the aggregation. Network performance was assessed through the Area Under the Receiver
Operator characteristic Curve (AUROC) measurements across iterative aggregation steps. Briefly,
we generated ten randomly chosen pairs of experiments, and for each pair, an aggWGCN was com-
puted and assessed, obtaining ten different AUROC values. The same process was repeated, but
with groups formed by 4, 6, 8... randomly chosen experiments until evaluating the final aggWGCN
with all the 40 experiments. The AUROC value improved consistently as more experiments were
included in the iteration subset (Supplementary Figure 2), approaching a plateau of the AU-
ROC value (AUROC = 0.76) near the total of 40 experiments selected in this study, suggesting that
the number of experiments chosen was enough for establishing ’guilt-by-association’ relationships
between all annotated grapevine genes.

The analysis of the MYB14 and MYB15 aggregated gene-centred co-expression networks (i.e. the
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Figure 1: Transcription factor cistrome landscapes in cv. ’Pinot Noir’ and binding motifs
for MYB14 and MYB15, obtained by DAP-Seq. (A) Histogram of distances for all binding events
(peaks) with respect to the transcriptional start site (TSS) of the gene they have been assigned to. (B) De
novo binding motifs obtained from the TOP600 most highly-scored peaks of MYB14 and MYB15 as seen in
the positive strand.

TOP 1% genes being co-expressed with a particular gene of interest; aggGCCNs) (Figure 3A,
Supplementary Table 1) revealed that both networks shared 103 common genes out of the 328
genes present in each aggGCCN. Importantly, 20 STS genes were present in both aggGCCNs. In
addition, 19 STS genes were exclusively present in the aggGCCN of MYB14 meaning that almost
all known STS genes in the grapevine genome, 39 out of 47, were present in either of the two con-
structed aggGCCNs. The exclusive presence of 19 STS genes in the MYB14 network points to a
very interesting TF-specific relationship for a subset of STS genes which is not suggested by the
DNA binding evidence presented above. This could point towards MYB14 specific co-regulators
potentially conferring differences in the regulation of STS genes on behalf of MYB14 and MYB15
which are very similar TFs otherwise. Nonetheless, MYB14 could also have a more direct role in
the regulation of STS genes than MYB15.

4.3 High Confidence Targets integrated from aggGCCNs and DAP-Seq

We further integrated both the co-expression and TF-binding results by overlapping the DAP-Seq
genes with the MYB14/MYB15-centred aggGCCNs. The overlap between both data sets showed be-
tween 20% and 22% of co-expressed genes being supported by DAP-Seq data, representing potential
target genes (Figure 3A). Despite this good level of support, we additionally inspected the aggGC-
CNs of DAP-Seq bound genes to look for MYB14 and MYB15 within these networks. Given the
expected key regulatory role of both MYB-TFs in a high number of biologically relevant processes it
is logical to expect that not all regulated genes appear within the TOP1% co-expression relationships
which are used to build the aggGCCNs. We thus defined as High Confidence Targets (HCTs) those
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Figure 2: Preferential localisation of binding events in promoter regions of MYB14/MYB15
stilbene synthase STS putative targets. DAP-Seq binding signal for MYB14 and MYB15 at (-
2kb,+2kb) from the TSS (x axis) in 22 STS genes, compared to background housekeeping genes.

bound genes with a co-expression relationship present in at least one of the two aggGCCNs (i.e.
presenting a single or double network relationship). The results showed 170 and 181 HCT genes for
MYB14 and MYB15, respectively, sharing 60 common HCTs. Figure 3B shows the complete STS
gene family, including pseudogenes, following a colour scheme to illustrate the different levels of evi-
dence of MYB14/MYB15 regulation provided by this study, for each individual gene. The individual
and common HCT lists are provided in Supplementary Table 3. The common HCTs contained
9 different STS genes (STS6, STS16, STS36, STS41, STS23, STS17, STS8, STS48, STS45 ), con-
firming the importance and partial redundancy of both MYB14 and MYB15 in the regulation of
stilbene synthesis. The two previously reported STS targets of MYB14/MYB15 (Höll et al., 2013)
were present as HCTs; STS41 being a common HCT, while STS29 being only present as a MYB14
HCT. The manual inspection of MYB15-peaks in the PN40024 genome browser showed potential
binding events in STS29 that were not detected by our computational method (Supplementary
Data File 1). This manual observation of peaks also reported potential binding sites for STS3,
STS9, STS27 and STS46 as indicated by an asterisk in Figure 3B. These represent potential ad-
ditional targets that cannot be demonstrated at least in this study.
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Figure 3: MYB14 and MYB15 aggGCCNs share many co-expressed genes overlapping with
DAP-Seq experiments. (A) MYB14 (yellow) and MYB15 (red) aggGCCNs. Orange genes are the non-
STS shared genes. The STS genes are coloured blue. The red edges are the STS genes that are also present
in the DAP-Seq experiments. (B) Synteny of the STS genes along chromosome 10 and 16 STS clusters.
The shape of each STS gene informs about its functionality, while its colour depicts the type of evidence
supporting each regulation by MYB14 and MYB15. Diagram adapted from (Parage et al., 2012).

Several PAL genes appear as HCTs in addition to STSs, supporting the idea that MYB14
and MYB15 may have the ability to increase the carbon flux into the phenylpropanoid pathway.
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This may have indirect consequences in other phenylpropanoid branches such as those producing
flavonols or anthocyanins. Three WRKY transcription factor genes are present among the common
MYB14/MYB15 HCTs. WRKY TFs have been suggested as co-regulators of MYB action in the
control of STS expression [(Wang et al., 2020), (Xi et al., 2014), (Xu et al., 2019)]. In fact, WRKY03
is bound by both TFs and supported in all three MYB14-, MYB15- and WRKY03-aggGCCNs. This
observation adds one more layer of complexity to the hierarchical regulation of MYB14, which re-
quires WRKY03 to increase STS29 expression (Vannozzi et al., 2018).

Two independent GO and KEGG enrichment analyses were carried out for each TF-HCT list.
The results of both enrichment analyses (Figure 4 and Supplementary Table 3) show strong
term enrichment for a number of pathways and molecular functions of interest amongst which the
shikimate, phenylpropanoid and stilbenoid pathway terms stand out as highly relevant.

Figure 4: MYB14 and MYB15 HCTs are enriched in stilbene pathway ontologies/bins. GO
and KEGG enrichment analysis results for both MYB14 and MYB15 HCTs.

Interestingly, a number of unexpected terms appeared in the analysis, such as circadian rythm
for both MYBs or biotin metabolism specifically for MYB15, pointing towards new aspects to con-
sider in the study of MYB14 and MYB15 transcriptional regulation. On the other hand, there is
a notable absence of O-methyltransferase-like terms given that the resveratrol O-methyltransferase
enzyme ROMT1, part of the stilbenoid pathway, was found amongst the HCTs of MYB15 and has
been previously shown to be involved in the synthesis of pterostilbene (Schmidlin et al., 2008). This
absence from the enrichment analysis for MYB15 could be due to the fact that only one gene per-
taining to this class of enzymes may not have been enough to show statistical significance despite the
biological relevance. Nonetheless, the enrichment analysis shows many terms regarding shikimate
or phenylpropanoid pathway enzymes such as phenylalanine ammonia-lyase (PAL) activity which
refers to the first step of the phenylpropanoid pathway (i.e. the conversion of phenylalanine to
cinnamate), which is enriched in both TFs. The involvement of MYB14 and MYB15 in the early
steps of the phenylpropanoid pathway has not been previously reported and is hence of high interest
given that these steps precede stilbenoid as well as lignin and flavonoid biosynthesis. These terms
also appear in the enrichment analysis although not always for both TFs pointing towards interest-
ing role specificity as well as redundancy for these two regulators. Lignin biosynthesis appears to
be linked to MYB14 exclusively whilst shikimate 3-dehydrogenase activity is specifically associated
to MYB15. In addition, MYB15 is specifically linked to the terms biotin metabolic process and
biotin metabolism which could be interesting as biotin is an essential cofactor for a small number of
enzymes involved in carboxylation and decarboxylation reactions (Alban et al., 2000).
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Other unexpected and yet interesting terms also appear such as the term for circadian rhythm
for which no related roles have been previously described regarding MYB14 or MYB15. However,
LHY- and RVE8-type MYBs, different to the R2R3-type MYBs, have been previously shown to
have roles regarding the control of circadian rhythm in Arabidopsis thaliana (Shalit-Kaneh et al.,
2018). Altogether, this analysis suggests that the MYB14 and MYB15 TFs have active roles in the
regulation of the stilbenoids, as expected, whilst also opening up the possibility of involvement in
upstream pathways such as the early phenylpropanoid or shikimate routes and/or other biological
processes unknown to date.

4.4 MYB15 HCTs are supported by its transient over-expression in grapevine

We tested the prediction of MYB15 high confidence targets by inspecting them in the transiently-
activated transcriptomes of MYB15 over-expressing grapevine plants. Microarray analysis (MA)
was conducted at 24, 48 and 96 hours after in planta agroinfiltration with a 35S:MYB15 construct,
and compared to a 35S:GFP control. Fluorescence microarray values were normalised and clustered
using the WGCNA R package. The resulting 35 modules were inspected and visualised on a heatmap
by independently computing their mean z-scores for each line and time point. MYB15 probe was
assigned to module ME20, showing higher expression in 35S:MYB15 lines compared to controls.
ME20 was clustered with three additional modules (modules ME22, ME24 and ME3 (Figure 5A,
left panel). By inspecting both the total number of genes and presence of HCTs on each module,
we suggest these four modules as potentially holding MYB15 real targets (Figure 5A, middle and
right panels, highlighted in red). The expression behaviour of these four modules was plotted for
each condition (Figure 5B), confirming that across all the considered time points they all presented
higher gene expression in MYB15 over-expressed lines compared to GFP control lines. GO and
KEGG enrichment analysis was carried out for each module, showing that only ME3 and ME20
possessed significantly enriched terms (modules ME22 and ME24 have fewer genes thus probably
affecting GO enrichment analysis). Modules ME3 and ME20 show both the term GO:0050350
(trihidroxystilbene synthase activity) as enriched (Figure 5C), supporting the role of MYB15 in
the regulation of STS genes. Whilst module ME20, with a total of 84 genes, only shows significant
enrichment for this term; ME3, with a total of 650 genes, shows a wide range of term associations.
The KEGG:00945 term for stilbenoid biosynthesis which again supports the stilbenoid regulatory
roles of MYB15. Interestingly, some of the terms seem to be related to the stilbenoid pathway such
as O-methyltransferase activity which could refer to enzymes catalysing the conversion of resveratrol
to pterostilbene (Schmidlin et al., 2008). Similarly the term oligosaccharyl transferase activity could
be referring to the glycosylation of resveratrol into piceid (Härtl et al., 2017).
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Figure 5: Stilbene pathway genes are enriched in MYB15 and in MYB15-related modules.
(A, left panel) Heatmap of the mean of z-scores for each time point and line. (A, central panel) Barplot of
the numer of genes per module. (A, right panel) Percentage of MYB15 HCTs present in each module. (B)
Barplot of mean z-scores across the different plant lines in the different time points for cluster 24, 22, 3 and
20. (C) GO and KEGG enrichment analysis results for modules 20 and 3.
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6 Supplementary Material

Supplementary Table 1. Experimental runs used for the aggWGCN and MYB14/15
gene-centred aggGCCNs.

Supplementary Table 2. DAP-Seq binding peak calls for MYB14 and MYB15 and
list of housekeeping genes.

Supplementary Table 3. MYB14 and MYB15 individual and common HCTs, with
their corresponding GO enrichment results.

Supplementary Table 4. MYB15 overexpression modules with each affymetrix probe-
to-gene assignments and microarray log-normalized expression data.

Supplementary Figures. SupFig1. WGCNA R package output. SupFig2. AUROC
validation of the aggWGCN. SupFig3. GO and KEGG enrichment analysis for MYB14
and MYB15 common HCTs.

Supplementary Data File 1. Screenshots of genome browser (JBrowse) with DAP-Seq
peaks for MYB14 and MYB15 bound genes related to stilbenoid, including putative
and common high confidence targets (HCTs). Replicates are shown separately for
MYB-TF and pHALO-Control samples.

Supplementary Data File 2. Manhattan plots using gprofiler2 derived from the GO
and KEGG enrichment analysis for each MYB15-responsive WGCNA co-expression
module.
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D. C. J. Wong, R. Schlechter, A. Vannozzi, J. Höll, I. Hmmam, J. Bogs, G. B. Tornielli, S. D. Castel-
larin, and J. T. Matus. A systems-oriented analysis of the grapevine R2R3-MYB transcription
factor family uncovers new insights into the regulation of stilbene accumulation. DNA Research,
23(5):451–466, 2016. ISSN 17561663. doi: 10.1093/dnares/dsw028.

H. Xi, L. Ma, G. Liu, N. Wang, J. Wang, L. Wang, Z. Dai, S. Li, and L. Wang. Transcriptomic
analysis of grape (Vitis vinifera L.) leaves after exposure to ultraviolet C irradiation. PLoS ONE,
9(12), 2014. ISSN 19326203. doi: 10.1371/journal.pone.0113772.

W. Xu, M. Fuli, R. Li, Q. Zhou, W. Yao, Y. Jiao, C. Zhang, J. Zhang, X. Wang, Y. Xu, and
Y. Wang. Vpsts29/sts2 enhances fungal tolerance in grapevine through a positive feedback loop.
Plant, Cell & Environment, 42, 07 2019. doi: 10.1111/pce.13600.

L. Zhu, C. Gazin, N. Lawson, H. Pagès, S. Lin, D. Lapointe, and M. Green. Chippeakanno: A
bioconductor package to annotate chip-seq and chip-chip data. BMC bioinformatics, 11:237, 05
2010. doi: 10.1186/1471-2105-11-237.

16

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted January 2, 2021. ; https://doi.org/10.1101/2020.12.31.424746doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.31.424746
http://creativecommons.org/licenses/by-nc-nd/4.0/

